Flashing color on the performance of SSVEP-based brain-computer Interfaces by Wan, F et al.
Title Flashing color on the performance of SSVEP-based brain-computer Interfaces
Author(s) Cao, T; Wan, F; Mak, PU; Mak, PI; Vai, MI; Hu, Y
Citation
The 34th Annual International Conference of the IEEE EMBS,
San Diego, CA., 28 August-1 September 2012. In IEEE
Engineering in Medicine and Biology Society Conference
Proceedings, 2012, p. 1819-1822
Issued Date 2012
URL http://hdl.handle.net/10722/185031
Rights
IEEE Engineering in Medicine and Biology Society. Conference
Proceedings. Copyright © Institute of Electrical and Electronics
Engineers.
  
 
Abstract— A critical problem in using steady-state visual 
evoked potential (SSVEP) based brain-computer interfaces 
(BCIs) for clinical and commercial use is the visual fatigue the 
user may suffer when staring at flashing stimuli. Aiming at the 
design of user-friendly BCIs with satisfactory performance, 
this work is to preliminarily investigate how different colors 
influence the SSVEP (i.e. frequency or phase) and system 
performance. The results show that white stimuli can lead to 
the highest performance, followed by gray, red, green and blue 
stimuli. 
I. INTRODUCTION 
Steady-state visual evoked potential (SSVEP) based on 
brain-computer interfaces (BCIs) have received much 
attentions in recent decades. SSVEP can be considered as a 
steady periodic response to a repetitive visual stimulus at 
frequencies higher then 6Hz. An SSVEP based BCI enables 
the users to select among several commands by gazing at 
different visual stimuli encoded with different properties (e.g. 
frequency and phase). Compared with other BCI techniques, 
SSVEP based BCIs have some advantages including high 
information transfer rate (ITR), good stability and little 
training [1].  
Although the SSVEP based BCIs have been investigated 
by many research groups through large numbers of 
laboratory demonstrations, it still has lots of challenges in 
clinical and commercial use. A critical problem is the visual 
fatigue the user may suffer when staring at flashing stimuli in 
SSVEP based BCIs. Visual fatigue will make the users 
uncomfortable when operating this system and consequently 
reduce the performance. In order to alleviate the fatigue and 
make the user comfortable, the visual stimulator with 
monochrome color should be improved (e.g. cartoon 
pictures). Therefore, this work is to preliminarily explore 
how different colors influence the BCI performance. 
The perception of light for human eye is through the 
retina, which contains two kinds of light-sensitive cells: rod 
and cone cells. The rod cells have response on luminance but 
cannot distinguish different colors. The ability of the human 
eye to distinguish colors is based upon the varying sensitivity 
of cone cells to the light of different wavelengths. There are 
three kinds of cone cells in the retina: red cones, green cones 
and blue cones. Therefore, human eyes will have different 
perception to different colors; as a result, different colors of 
the stimuli will elicit different SSVEPs. At present, green, 
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red, gray, black and white stimuli have been used for SSVEP 
based BCIs [2-6]. 
It is reported in [7] that red, yellow and blue stimuli have 
different effects on the SSVEPs. In the case of 10 Hz 
stimulation frequency, red stimuli can elicit the strongest 
responses. The strength of the elicited SSVEPs by the blue 
stimuli is lower than red stimuli and higher than yellow 
stimuli. The power intensity of SSVEPs elicited by red, green 
and blue stimuli is investigated in [8]. It is reported that the 
SSVEPs elicited by blue color has the highest power intensity 
and red color is lower than blue color but higher than green 
color. In [9], the results show that the composed colors can 
elicit higher amplitude SSVEPs than the monochrome colors. 
However, in [7-9] the authors only explored how the 
different colors influence the amplitude and frequency of 
SSVEPs, but the phase of the SSVEPs and system 
performance have not been evaluated. Since SSVEP is also 
phase locked to the visual stimuli, the phase information has 
been encoded in the stimuli to increase the number of targets 
when presenting the stimuli on the LCD/CRT monitors [1], 
[10-12]. Furthermore, use both the frequency and phase 
information to enhance the classification accuracy and speed 
as well. Therefore, five colors: red, green, blue, gray and 
white are selected to explore how different colors influence 
the SSVEPs (i.e. frequency and phase) and system 
performance are investigated in this paper.  
II. METHOD 
A. Feature Extraction 
The frequency and phase information are both used to 
generate visual stimuli in our experiments. The frequency 
feature is normally extracted by fast Fourier Transform (FFT) 
[4], which is based on one channel SSVEP data. Since 
canonical correlation analysis (CCA) belongs to a 
multivariable statistical method, it is a promising method to 
extract the frequency feature for multichannel SSVEP based 
BCI. CCA is employed to compare the EEG signals with 
reference signals which have been preinstalled in terms of 
sine and cosine expressions to calculate the CCA 
coefficients. Consider the multi-channel EEG signals X , the 
reference signal Y  and their linear combinations T xx X W  
and T yy Y W . CCA finds the weight vectors, xW  and yW , 
which maximize the correlation between x  and y , as shown 
in (1). More details can be found in [13]. The higher CCA 
coefficient means the SSVEP signal has higher correlation 
with the stimuli signals. Moreover, the system discrimination 
accuracy and discrimination speed will be enhanced by the 
higher CCA coefficients.  
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In addition, the phase angle of SSVEP is extracted by 
FFT according to (2) and (3). For instance, the SSVEP signal 
evoked by 
0
w (rad/s) stimulus signal so that its phase angle 
( )x  can be calculated. When extracting the phase feature 
from SSVEP signal, smaller phase variance will enhance its 
both classification accuracy and speed. With the large phase 
variance, the adjacent phase values will be overlapped with 
each other.  
1
0 0
( ) tan [Im{ ( )} / Re{ ( )}]x X w X w

            (2) 
( ) ( )X w FFT x                              (3) 
B. Experiments Setup 
In our experiments, an LCD monitor was used as the 
visual stimulator (ViewSonic 22”, refresh rate 120 Hz, 
16801080 pixel resolution). Five colors: white (255, 255, 
255), red (255, 0, 0), green (0, 255, 0), blue (0, 0, 255) and 
gray (128, 128, 128) were included in the experiment and 
the visual stimulator was programmed in Microsoft Visual 
C++ 6.0 and DirectX DirectDraw 7. The background color 
was kept as black color and the phase value of all flickers 
were predefined as zero degree. Due to the 120 Hz refresh 
rate of the LCD monitor, 17.14 Hz, 15 Hz, 13.33 Hz, 12 Hz, 
10.9 Hz, 10 Hz, 9.23 Hz, 8.57 Hz, 8 Hz and 7.5 Hz were 
selected in the experiments to explore how different colors 
influenced the CCA coefficient and phase of SSVEPs. The 
distribution of flickers in the visual stimulator was shown in 
Fig. 1. Five frequencies were modulated in these five 
flickers in each experiment. We first collected the EEG data 
for one group of five frequencies with white color and then 
repeated the experiment for another group of five 
frequencies with white color. And then we repeated the 
experiments for other four colors and the time interval 
between two groups of experiments was 5 min. During the 
experiments, the stimulus was flickering for 6s for target 
identification and the following 4s interval was left for the 
subject to shift his gaze to next target. The subjects were 
asked to gaze flicker 1 to 5 in turn and repeated this 
procedure for another two times, so the total time for one 
group of experiment was 150 sec. Each subject would do 
this whole experiment for three times. Then four frequencies 
with higher CCA coefficients and lower phase variance 
would be selected to encode the stimuli to do the online 
experiment in testing the system performance. The 
distribution of flickers was shown in Fig. 2. In each line of 
the flickers, the frequencies were the same only the phases 
were different. The differences between adjacent phases 
should be chosen as large as possible which depended on the 
selected frequencies.  
Five subjects (aged from 22 to 28 years old, 3 males and 
2 females) with normal or corrected-to-normal vision 
participated in the experiments and were selected from the 
subjects with BCI experience. The subjects had been tested 
by Ishihara test for color blindness and all of them were 
proved to be with normal color vision. The subjects were 
seated in a comfortable chair in front of the visual stimulator 
with a distance of about 60 cm. 6 standard EEG electrodes 
placed on POZ, P3, P4, OZ, O1, and O2 were used as input 
channels. EEG signals were collected by an amplifier 
(g.USBamp, Guger Technologies, Graz, Austria) and were 
filtered by 0.5Hz to 60Hz band-pass filter and sampling rate 
was 600Hz.  
III. RESULTS 
Fig. 3 shows the average CCA coefficients of all five 
subjects. It is obvious that the SSVEPs elicited by white color 
have the highest CCA coefficients in all frequency range. In 
the frequency range from 8 Hz to 15 Hz for white color, the 
standard deviation between different frequencies is 0.03 
which is very small. The CCA coefficients of 7.5 Hz and 
17.14 Hz are the lowest two for white color, but still larger 
than other colors. The CCA coefficients of SSVEPs for gray 
color are smaller than white color in all frequency range. The 
standard deviation between different frequencies from 8 Hz 
to 15 Hz is about 0.04 and CCA coefficients of 7.5 Hz and 
17.14 Hz have around 0.1 differences from the average value 
for gray color. For the red color, it has similar distribution as 
gray color from 10.9 Hz to 17.14 Hz. When the frequencies 
are lower than 10.9 Hz, the CCA coefficients for red color 
are smaller than those for gray color. The standard deviation 
between different frequencies for green color is 0.03 in all 
frequency range. When the frequencies are lower than 10 Hz, 
red, green and blue colors have the similar distribution. For 
the frequencies larger than 10Hz, the CCA coefficient 
 
Figure 1. The distribution of five flickers in the visual stimulator for 
offline experiments. 
 
 
Figure 2. The distribution of sixteen flickers in the visual stimulator 
for online experiments. 
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differences between the surrounding frequencies are large for 
blue color. The lowest CCA coefficients for blue color are 
also located in this range. Therefore, white color has the 
highest CCA coefficient for all frequencies; from 7.5 Hz to 
12 Hz, the second choice is gray color and then the rest three 
colors; from 12 Hz to 17.14 Hz, blue color has the lowest 
CCA coefficient and the rest three colors can be selected as 
the second choices to encode the visual stimuli.  
Fig. 4 presents the average phase variance of all five 
subjects. White color still has the lowest phase variance and 
the standard deviation between different frequencies from 8 
Hz to 15 Hz is 0.69 degree. It seems the 7.5 Hz and 17.14 Hz 
are not good than other frequencies both for CCA coefficient 
and phase variance. Red color has the lowest phase variance 
in 8 Hz and 13.33 Hz, but higher in other frequencies. From 
8 Hz to 12 Hz, the standard deviation between different 
frequencies for green color is 2.12 degree and the 15 Hz also 
has the low phase variance. The standard deviation among 
surrounding frequencies for blue color is very large, so blue 
color has the highest sensitivity for the used frequencies. The 
gray color has lower sensitivity for the used frequencies 
higher than 8.5 Hz. Therefore, white color is still the best 
choice to encode the phase information into the visual 
stimuli. Since blue color is very sensitive to the used 
frequencies, it is the worst color to encode the phase 
information. For 13.33 Hz and17.14 Hz, green color is better 
not to be selected. For other frequencies, green color is better 
than red color but worse than gray color. 
Then the average CCA coefficient and average phase 
variance of all ten frequencies are calculated due to different 
color and the results are demonstrated in Fig. 5 and Fig. 6. In 
Fig. 5, the largest average CCA coefficient is obtained by 
white color which is 0.56±0.06. The CCA coefficient of gray 
color is 0.44±0.06 which is lower than white color but higher 
than others. For the red, green and blue colors, blue has the 
lowest CCA coefficient of 0.34 and green has the lowest 
standard deviation of CCA coefficient of 0.03 respectively. 
Since white color has highest CCA coefficient, it means the 
white color can elicit the SSVEPs with highest correlation 
with the visual stimuli. Therefore, the SSVEPs elicited by 
white color visual stimuli will be detected with higher 
accuracy and higher speed. Furthermore, the system 
performance ITR in terms of accuracy, speed and number of 
targets will be enhanced with the same number of targets. In 
addition, the red color has the highest standard deviation of 
the CCA coefficient and green color has the lowest standard 
deviation of the CCA coefficient. Hence, the CCA 
coefficients of SSVEPs elicited by red color visual stimuli are 
more depend on the used frequencies and less depend on the 
used frequencies for the green color.  
In Fig. 6, the lowest phase variance is also obtained by 
white color which is 4.75±1.59 degree. The phase variance of 
gray color is higher than white color and lower than others. 
The phase variances of SSVEPs for red and green colors are 
similar which are 11.40±5.73 degree and 11.88±8.41 degree 
respectively. The blue color has the highest phase variance of 
16.79±5.82 degree. The white color has the lowest standard 
deviation of 1.59 degree and green color has the highest 
standard deviation of 8.41 degree. Therefore, white color is 
still the best choice to encode the phase information into the 
visual stimuli, because of its small phase variance and small 
standard deviation of phase variance. The phase variances of 
SSVEPs for green color are more depend on the used 
frequencies than other colors. Since blue color has the 
highest phase variance, the accuracy will be affected. When 
use blue color as the stimuli to encode the phase information, 
the adjacent phase values will conflict with each other. 
Therefore, when encode the phase information in the visual 
stimuli; it is better to choose the color which elicits the 
SSVEPs with lowest phase variance as well as the smallest 
standard deviation of phase variance.  
From the CCA coefficient and phase variance of SSVEPs 
for different colors, it seems that the white color is the first 
choice to be used to generate the visual stimuli and the gray 
color is the second choice. The results of red, green and blue 
are not good as white and gray colors. The reason of why 
white and gray colors are better than red, green and blue 
colors may be related to principle of the perception of light of 
 
Figure 3. CCA distribution due to different frequencies. 
 
 
Figure 4. Phase variance distribution due to different frequencies. 
 
 
Figure 5. CCA coefficient distribution due to different colors. 
 
 
Figure 6. Phase variance distribution due to different colors. 
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human eyes. As mentioned, the red, green and blue colors are 
three basic colors which can only elicit the red, green and 
blue cone cells respectively. For the white and gray color, 
they can simultaneously elicit three types of cone cells. As a 
result, more intense SSVEP signals will be appeared on the 
occipital lobe. Therefore, the SSVEPs elicited by the white 
and gray colors are stronger than red, green and blue colors. 
Compared with white color and gray color, the white color 
has larger contrast ratio than of the gray color under the same 
background color black. Hence, the white color elicits the 
better SSVEPs than the gray color.  
Then 10.9 Hz, 12 Hz, 13.33 Hz and 15 Hz, with four 
different phases for each, are selected to encode the stimuli to 
test the system performance. TABLE I presents the average 
accuracy and average ITR over all five subjects. Use white 
color as the visual stimuli, the average accuracy is 
96.25±4.52 % and average ITR is 36.61±3.88 bpm 
respectively. Then the gray color achieves average accuracy 
of 92.92±7.88 % and average ITR of 34.20±6.10 bpm. The 
accuracy is decreased by 3.46 % and the ITR is decreased by 
6.58 % when use gray color instead of white color. For the 
red, green and blue colors, the accuracy reduced by 7.79 %, 
9.09 %, 11.69 % and the ITR reduced by 14.61 %, 16.85 %, 
20.70 % compared with the result of white color. It is 
obvious that, use white color as the stimuli will lead to the 
best system performance, followed by gray, red, green and 
blue colors. 
TABLE I.  AVERAGE BCI PERFORMANCE DUE TO DIFFERENT COLORS 
 White Gray Red Green Blue 
Accuracy 
(%) 
96.25±
4.52 
92.92±
7.88 
88.75±
10.37 
87.50±
11.12 
85.00±
13.77 
ITR (bpm) 
36.61±
3.88 
34.20±
6.10 
31.26±
7.31 
30.44±
7.59 
29.03±
8.92 
IV. CONCLUSION 
In this paper we have investigated how different colors 
influence the SSVEPs and the BCI system performance. The 
motivation of this work is to improve the visual stimuli in 
SSVEP based BCIs to alleviate the visual fatigue in 
operating the system. Through the experiments, the 
following results are obtained: Firstly, SSVEPs elicited by 
white color has the highest CCA coefficient. The CCA 
coefficients of SSVEPs elicited by red color visual stimuli 
are more depend on the used frequencies and the green color 
is less depend on the used frequencies. Secondly, white 
color is still the best choice to encode the phase information. 
The blue color elicits the SSVEPs with highest phase 
variance which will make the adjacent phase values overlap 
with each other. Thirdly, the white color achieves the 
highest accuracy of 96.25±4.52 % and ITR of 36.61±3.88 
bpm, followed by gray, red, green and blue colors. 
Future work may include quantitative description of the 
user visual fatigue when using SSVEP based BCIs, that is, 
to use an index to indicate the visual fatigue. In addition, to 
make the flashing stimuli to be more user-friendly, cartoon 
pictures instead of monochrome color can be considered for 
more comfortable user experience. 
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